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Background: The core promoter is the region flanking the transcription start site (TSS) that directs formation of the
pre-initiation complex. Core promoters have been studied intensively in mammals and yeast, but not in more
diverse eukaryotes. Here we investigate core promoters in oomycetes, a group within the Stramenopile kingdom
that includes important plant and animal pathogens. Prior studies of a small collection of genes proposed that
oomycete core promoters contain a 16 to 19 nt motif bearing an Initiator-like sequence (INR) flanked by a novel
sequence named FPR, but this has not been extended to whole-genome analysis.
Results: We used expectation maximization to find over-represented motifs near TSSs of Phytophthora infestans, the
potato blight pathogen. The motifs corresponded to INR, FPR, and a new element found about 25 nt downstream
of the TSS called DPEP. TATA boxes were not detected. Assays of DPEP function by mutagenesis were consistent
with its role as a core motif. Genome-wide searches found a well-conserved combined INR+FPR in only about 13%
of genes after correcting for false discovery, which contradicted prior reports that INR and FPR are found together
in most genes. INR or FPR were found alone near TSSs in 18% and 7% of genes, respectively. Promoters lacking the
motifs had pyrimidine-rich regions near the TSS. The combined INR+FPR motif was linked to higher than average
mRNA levels, developmentally-regulated transcription, and functions related to plant infection, while DPEP and FPR
were over-represented in constitutively-expressed genes. The INR, FPR, and combined INR+FPR motifs were
detected in other oomycetes including Hyaloperonospora arabidopsidis, Phytophthora sojae, Pythium ultimum, and
Saprolegnia parasitica, while DPEP was found in all but S. parasitica. Only INR seemed present in a non-oomycete
stramenopile.
Conclusions: The absence of a TATA box and presence of novel motifs show that the oomycete core promoter is
diverged from that of model systems, and likely explains the lack of activity of non-oomycete promoters in
Phytophthora transformants. The association of the INR+FPR motif with developmentally-regulated genes shows
that oomycete core elements influence stage-specific transcription in addition to regulating formation of the pre-
initiation complex.
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Growth, development, and responses to environmental
signals require the proper level and timing of transcrip-
tion. In eukaryotes, the DNA binding sites for the tran-
scription machinery are named enhancers, proximal or
distal elements, or core promoter motifs depending on
their location and function [1]. The core promoter is
normally defined as the 50 bases on either side of the
transcription start site (TSS), which contain sites that
help position RNA polymerase during establishment of
the preinitiation complex [2]. It has recently been
recognized that core promoter elements also influence
tissue-specific transcription [3]. Interactions at the core
promoter thus help ensure that transcription is efficient,
regulated, and fine-tuned.
Most of what is known about core promoters comes
from yeast and animals [2]. The first discovered core motif
was the TATA box, which lies about 30 nt upstream of the
TSS in mammals and binds TFIID, which contains TATA-
binding protein (TBP). Other motifs revealed later include
Initiator (INR) and downstream promoter element (DPE),
which also bind TFIID, and TFIIB recognition elements
(BREs). Computational approaches enabled by whole-
genome data then identified further motifs, and a strong
majority of human and mouse promoters are now
recognized to contain known core elements [4]. Although
yeast and animals both belong to the kingdom
Opisthokonta, there is ample evidence for diversification
of their core promoters: only some motifs such as TATA
and INR are well-conserved, pre-initiation complexes as-
semble much further upstream in yeast than mammals,
and sequence differences within their TBPs affect pro-
moter recognition and the binding of other transcription
factors [5].
In other eukaryotic kingdoms, the nature of core
promoters is just starting to be understood. Most is
known from plants, where Arabidopsis and rice were
shown to use a TATA box, INR, and plant-specific
motifs such as the pyrimidine-rich Y-patch [6,7]. In the
kingdom Excavata, Trichomonas appears to employ an
INR and two novel elements but not a TATA box, while
Plasmodium core promoters lack any defined sequence
element. In the latter, initiation sites appear to be
determined by the physicochemical properties of DNA,
which may also play roles in all eukaryotes [8,9].
This paper focuses on core promoter elements in
oomycetes, a group within the kingdom Stramenopila that
includes many important plant and animal pathogens. Al-
though most oomycetes superficially appear fungal-like,
they contain many characteristics distinct from fungi
which is consistent with the divergence of stramenopiles
from opisthokonts early in the eukaryotic radiation [10].
Little is known about core promoters in any stramenopile.
Plant, animal, and fungal promoters were shown to workpoorly in the potato late blight pathogen Phytophthora
infestans, which suggested divergence of the transcrip-
tional apparatus of oomycetes [11]. Researchers examining
the few genes that were available prior to the development
of whole-genome sequences reported that nearly all
oomycete promoters contain a 16 to 19 nt region near the
TSS, which contained a 7 nt INR-like element at its 50 end
followed by an approximately 9 nt sequence named
Flanking Promoter Region or FPR [12,13]. Some genes
were reported to contain TATA-like motifs, but these
were not functionally tested and could be spurious
matches [14,15].
Here we address the structure of core promoters in
Phytophthora infestans and relatives, by using whole-
genome analyses to characterize known and novel motifs
and assess their association with gene expression
patterns. We report that INR and FPR motifs usually
occur separately, but come together as an INR plus FPR
“supramotif” in 10-15% of promoters where they are
linked to higher than average mRNA levels, an increased
propensity towards developmental regulation, and gene
functions related to pathogenesis. We also identify and
functionally test a new motif, DPEP, which tends to asso-
ciate with housekeeping genes, but fail to obtain convin-
cing evidence for the presence of a TATA box-like
sequence. These data help illuminate how the oomycete
transcriptional apparatus has evolved, and may be useful
for predicting genes within their genomes and optimiz-
ing transgene expression.
Results and discussion
Transcription start sites in P. infestans
To identify the appropriate search space for core pro-
moter motifs, we defined the approximate locations of
transcription start sites (TSSs) for P. infestans genes.
This involved mapping expressed sequence tags (ESTs)
against all 17,797 gene models [16]. Of 74,135 available
ESTs, 3,129 had 50 termini that mapped upstream of the
predicted start codon. A “High Confidence” promoter
set was developed based on the 121 genes for which two
or more ESTs had their 50 ends upstream of the start
codon and within two bases of each other; the upstream
EST terminus was inferred to represent the TSS. The
distance between these inferred TSSs and the start
codon ranged from 32 to 144 nt, with a median of 50 nt.
This is just slightly larger than a prior estimate [17]. An
“Expanded” promoter set was also developed from 573
genes for which TSSs were predicted with lesser confi-
dence. These represented cases where either only one
EST was identified that terminated upstream of the start
codon, or where several ESTs were detected but ended
more than two bases from each other; the latter might
be due to multiple start sites or premature termination
of reverse transcription.
Figure 1 Location of INR, FPR, and DPEP in P. infestans
promoters. (A) Positions of motifs relative to TSSs in the High
Confidence set (top panel, 121 genes) and the Expanded set
(bottom panel, 573 genes). Searches employed motif definitions of
YCAYTYY for INR, MWTTTNC for FPR, and SAASMMS for DPEP. (B)
Alignment of promoter from P. infestans gene PITG_10198 and its
orthologs from P. sojae and P. ramorum. Shown in boxes are the
three motifs, which are conserved within the orthologous promoters
of the three species, and the ATG start codon.
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Expanded promoter sets were used to identify and pre-
liminarily characterize core motifs. Analyses were later
expanded to total promoters, most of which lack defined
TSSs and may contain more erroneous gene models due
in part to less EST support. A prior study found that as
many as 15% of P. infestans gene models had incorrect
50 termini, and thus improperly delineated promoters
[18]. Total promoters may thus not represent the most
sensitive set for motif searching. On the other hand, the
ESTs used to define TSSs in the High Confidence and
Expanded sets may be biased, even though they were
derived from 20 different conditions of growth [19].
Use of TSS datasets in de novo search for core promoter
elements
Motifs were predicted by searching for over-represented
sequences within 100 nt windows centered on the TSSs.
This involved using the motif discovery tool MEME,
which employs an expectation maximization technique
[20], on the High Confidence and Expanded sets. A 100
nt search space was selected since core promoters typic-
ally extend up to 50 nt on either side of a TSS, and the
100 nt region would include the median 50 untranslated
region from P. infestans. Several rounds of searches were
performed using MEME with parameters for motif width
that ranged from 5 to 18 nt in different iterations.
MEME identified several candidate motifs including
separate INR and FPR-like motifs (7 nt each), a 16 nt
motif in which INR and FPR were separated by 2 nt, a
new motif referred to later as DPEP (7 nt), and a motif
similar to the eukaryotic CCAAT box [21]. The CCAAT
box is not considered to be a core element, but does in-
fluence initiation and core motif recognition. Also
detected was a motif matching the Kozak sequence
around the start codon for translation, which was not
analyzed further. Sequences corresponding to INR, FPR,
and DPEP were more common in the forward orienta-
tion, which is consistent with their roles as core motifs.
Examination of the INR-like motifs returned by
MEME suggested that the definition of the oomycete
INR proposed previously, YCATTYY, was too narrow
[12]. Our results instead suggested that INR was better-
defined by YCAYTYY. This adjustment increased the
number of hits near the TSSs in the 121-promoter High
Confidence set from 35 to 53, with little increase in
background (p-value for over-representation in that set
of 10-9; p-value of 10-23 in the Expanded set). Systematic
tests of variants of this pattern also suggested that
YCAYTYY was optimal. As shown in Figure 1, INR
mapped just slightly upstream of the TSS in both the
High Confidence and Expanded promoter sets. This is
consistent with data from mammals where transcription
was shown to initiate usually at the adenine [2]. Ourdefinition of INR is narrower than that of the mamma-
lian consensus of YYA+1NWYY.
The output from MEME that resembled FPR suggested
that the motif was best-defined by MWTTTNC. This is
similar to the CAWTTTNYY proposed by McLeod et al.
[12], but with more degeneracy and a reduction from 9 to
7 nt. As will be noted later, the shorter definition is also
consistent with our results from total P. infestans
promoters. As shown in Figure 1, FPR typically resided
just downstream of the TSS in both the High Confidence
and Expanded datasets. It was detected 27 times within
the 100 nt window of the 121-promoter High Confidence
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13 in the larger Expanded set).
Prior studies of Phytophthora promoters considered
INR and FPR as adjoining components of an approxi-
mately 16 nt conserved block found in most genes, with
INR located 50 of FPR [12]. This is inconsistent with our
findings, however. Only 16 of the 121 High Confidence
promoters contained adjacent INR and FPR motifs,
i.e. within a 16 nt block, in the 100 nt search win-
dow. Moreover, as shown in Figure 1, more matches
were detected in the High Confidence dataset to
INR than FPR (53 and 27 respectively); both values
are well above the false discovery rate for each motif
(about 11). This suggests that either our motif definitions
are too stringent, or the motifs may be capable of operat-
ing separately. Independence of the motifs is consistent
with results from a prior study that showed that some
mutations in FPR only partially impaired transcription if
INR was present, and vice versa [12].
As a consequence of our observation, if matches to INR
and FPR are found at 50 and 30 ends of the same 16 nt win-
dow, we refer to this as the “INR+FPR” supramotif. If INR
and FPR are found at more distant sites, these are referred
to as separate INR and FPR motifs, i.e. INR alone and FPR
alone elements.
Our search also identified a new putative core pro-
moter element, which we name DPEP for Downstream
Promoter Element Peronosporales, after the taxonomic
order within the Oomycota that contains Phytophthora.
DPEP is unrelated in sequence to the metazoan DPE. As
shown in Figure 1, DPEP resides on average 26 nt down-
stream of the TSS. Unlike INR and FPR which are AT-
rich, DPEP has the pattern SAASMMS which is slightly
GC-rich. DPEP was detected downstream of the tran-
scription start site in 37 of the 121 promoters in the
High Confidence set (p-value for over-representation of
10-2; p-value of 10-6 in Expanded set). In only 24 cases
was it present in the same promoter with an INR or FPR.
To illustrate the typical spacing between INR, FPR,
and DPEP, a promoter containing all three motifs is
shown in Figure 1B. Gene PITG_10198, which encodes
adenosylhomocysteinase, contains a combined INR+FPR
block spanning the transcription start site, followed after
5 bases by a DPEP. All three motifs are well-conserved in
the orthologous promoters from Phytophthora ramorum
and Phytophthora sojae. While the distance between INR
and FPR is constant in the two species at 2 nt, the space
between DPE and FPR ranges from 5 to 12 nt. Variable
spacing of the DPE from the INR+FPR block was also
noted in alignments of other genes (not shown). It should
be noted that while the relative positions of the INR, FPR,
and DPE shown in Figure 1B are typical, 46 of the 121
promoters in the High Confidence set lacked all three of
the motifs.Refinement of element definitions through genome-wide
analyses
The preliminary motif definitions from the High Confi-
dence and Expanded sets were used to search upstream
of all 17,797 P. infestans genes, and the resulting
matches were used to establish position-specific prob-
ability matrices (PSPMs; provided in Additional file 1). A
search of the total gene set was done out of concern that
the preliminary definitions might be based on a biased
group of promoters. Each PSPM was developed from
matches within 200 nt of the translation start site, and
then used to search upstream of each gene’s start codon
using the FIMO program [20]. A statistical threshold
was used to distinguish regions that contained the
combined INR+FPR from those with the INR or FPR
alone, as described in a following section.
The spatial distributions of INR+FPR, INR alone (i.e.
without a downstream FPR), FPR alone (i.e. without an
upstream INR), and DPEP are shown in Figure 2. The
figure also presents a sequence logo for each motif. As
expected for core promoter motifs, hits were most com-
mon at the 30 end of each promoter, within 50-100 nt of
the start codon. While the data for these motifs in
Figure 2 reflect hits in the forward direction, we also
calculated reverse matches to test for orientation bias,
which is typical of core promoter elements. The ratios of
forward to reverse matches within 100 nt of the start
codon were 5.9, 2.9, 1.8, and 1.8 for INR+FPR, INR
alone, FPR alone, and DPEP, respectively.
We estimate that 13, 18, 7, and 8% of P. infestans
promoters harbor INR+FPR, INR alone, FPR alone, and
DPEP, respectively, after correcting for false discovery.
This is based on a p-value cutoff of 5 x 10-5 for the 16
nt INR+FPR motif, a threshold which ensures that both
its INR and FPR components significantly match the
motif in nearly all cases, 10-3 cutoffs for the other
motifs, and a search space of 200 nt upstream of the
translation start site. It should be noted that our
estimates of motif occurrence depend on these
parameters as well as the quality of the gene models.
For example, if a 10-4 cutoff and a 500 nt search space
was used for the combined INR+FPR motif, that se-
quence would be found in about 38% of promoters,
which we believe might overestimate the number of
functional sites.
Regardless of the search parameters employed, it seems
that about half of P. infestans promoters lack a known
core promoter motif. This compares to the situation in
humans where about 46% of promoters lack the TATA
box and INR, which were the first identified core elements
[22]. The subsequent discovery of other elements raised
the fraction of human promoters with known core pro-
moter elements to above 95%, although this value may in-
clude false positives [4]. In human promoters lacking core
Figure 2 Positional bias of motifs within total promoters.
Shown are the distributions of sequences matching INR+FPR, INR
alone, FPR alone, DPEP, and CCAAT in total P. infestans promoters. A
sequence logo for each motif, based on hits within 200 nt of the
start codon, is also shown in each panel. Matches were recorded
based on p-value thresholds in the FIMO program of 5×10-5 for INR
+FPR and CCAAT, and 10-3 for the INR, FPR, and DPEP motifs, using
weighted matrices reflected by each sequence logo. Values
represent hits in the sense orientation for all motifs except CCAAT,
for which both orientations are included.
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pre-initiation complex [23].
It should be noted that “INR alone” is a simplified no-
menclature for the motif in P. infestans, as is “FPR
alone.” The former, for example, refers to cases where
there is a strong match to the INR PSPM but a poor or
no match of the downstream region to the FPR defin-
ition. This category could alternatively be termed “INR-
strong, FPR weak/absent”. The issue of variation within
INR+FPR sequences is addressed in the next section.Heterogeneity of the 16 nt INR+FPR block
Close examination of sequences shown by FIMO to
match the PSPM for the combined INR+FPR motif, ap-
plying the program’s default p-value threshold of 10-4,
revealed major variation within the motif. This analysis
involved splitting each matched region into its 50 and 30
components, which were then scored separately using
FIMO against separate PSPMs for INR and FPR, re-
spectively. Of about 5,400 hits in P. infestans promoters,
only 497 strongly matched (p<10-3) both the INR and
FPR. This is illustrated by the contour chart shown in
Figure 3A. As shown in the figure, it was more common
to have a robust match against the INR PSPM and a
weak match against FPR than the reverse (Figure 3A).
An example is gene PITG_18342. It had a sequence
matching the most frequent form of INR 64 nt upstream
of the start codon (TCATTCT, p=7×10-5), followed after
2 nt by a weak match to FPR (AAATAGC, p=0.05). An
inference is that counting occurrences of the INR+FPR
motif based on the overall p-value or score may overesti-
mate the frequency of the supramotif.
Our conclusion that the 16 nt region is not a well-
conserved, monolithic motif may contradict previous
interpretations, but is consistent with its likely evolutionary
history. While FPR has only been described in oomycetes,
INR is widely distributed throughout eukaryotes. Studies in
model systems have shown that the main proteins that
bind INR are the TAF1 and TAF2 subunits of TFIID,
which are widely conserved; the P. infestans ortholog of
TAF1 is PITG_02547 and there are two TAF2 proteins,
PITG_14044 and PITG_18882. Other proteins that bind
INR include well-conserved transcriptional regulators such
as YY1 (P. infestans ortholog, PITG_19177) and taxon-
specific proteins such as IBP39 of Trichomonas and USF-1
of metazoans [24-26]. We propose that FPR evolved to
bind a factor that works with INR-interacting proteins in a
subset of P. infestans genes. Since INR and FPR are nearly
always separated by a 2 nt gap, this spacing is apparently
optimal. In other eukaryotes, there are similar examples of
synergy between core elements such as TATA and INR, or
INR and MTE which must be separated by a certain dis-
tance for full effect [27,28].
Figure 3 Heterogeneity within INR+FPR motif. (A) Contour chart showing strength of matches of INR and FPR regions from 5352 P. infestans
promoters. Sequences within 1 kb of the translation start sites of total P. infestans promoters that matched the PSPM for INR+FPR were identified
using a p-value threshold of 10-4 in FIMO. The putative INR and FPR components were then extracted and scored against their respective PSPMs.
In the chart, X and Y-axes show the match of the putative INR+FPR region against PSPMs for FPR and INR, respectively, with the Z-axis indicating
the number of promoters having each value based on the indicated color code. The lines in the chart connect interpolated points of equal value,
similar to that of a two-dimensional topographic map. (B) Composition of all 5352 INR+FPR matches from panel A, showing a logo for the motif
and base composition of INR and FPR, plus flanking and intervening regions. (C) Composition of 241 INR+FPR matches from panel A in which the
correspondence to INR was strong (p<10-4) but FPR was weak (p>10-2).
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similar, with positions 3-6 of INR resembling positions
2-5 of FPR. The proteins that bind the two regions could
be related and work synergistically. In contrast, in other
species only a few genes with tandem INR-like core pro-
moter sequences have been described [29,30].
We also considered the possibility that a sequence
other than FPR might occur immediately 30 of INR in
some promoters. We therefore submitted to MEME 241
16-nt sequences that matched the INR well but only
weakly matched the FPR. This only yielded a consensus
that maintained the INR definition but had low informa-
tion content in the downstream region (Figure 3C). Re-
markably, this region maintained the base composition
of the canonical FPR. Both are T-rich and G-poor, for ex-
ample. This composition may aid transcription through
mechanisms unrelated to the direct binding of the pre-
initiation complex. In C. elegans, T-rich blocks within the
core promoter were shown to enhance gene expression
levels [31], and T-rich regions in S. cerevisiae tended to be
depleted for nucleosomes and associated with higher rates
of transcription [32]. It is notable that the regionsupstream and downstream of INR and FPR, respectively,
are also slightly pyrimidine-rich (53%) but not to the ex-
treme of INR.
It is also interesting that the 2 nt spacer between INR and
FPR has the strong bias of 68% G+C. A high G+C content
is associated with bendability of DNA [33]. This may fa-
cilitate the binding of proteins to both the INR and FPR
regions of the core promoter.
Searches for other core promoter elements
We also used MEME to search the total gene set for
additional novel core elements, although none were
identified. This included performing discriminative motif
discovery by comparing promoters lacking INR+FPR,
INR, FPR, and DPEP to a negative set of promoters hav-
ing those motifs. Several over-represented motifs were
identified, but they resided upstream of the TSS (75 to
300 nt) and lacked orientation bias. These are probably
enhancers or proximal elements. We also used the High
Confidence dataset to search for features near the TSS
in promoters lacking an identified core motif. The regions
just upstream of such TSSs were enriched for stretches of
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based on triplet counts), but not significantly more than
promoters with core motifs.
We also searched the High Confidence, Expanded, and
total promoter sets for core promoter elements detected
before in metazoans, yeast, and plants. These included
several variants of the widely distributed TATA box and
motifs specific to plants (Y-patch, Motif 5, Motif 7; [6])
and animals (DPE, MTE, BRE, DRE; [2]). Any hits were
not over-represented and not positionally biased, includ-
ing potential matches to the TATA box, and are there-
fore unlikely to be authentic.
Despite the apparent absence of the TATA box, P. infestans
is predicted to encode a TATA-binding protein (TBP) as
the product of gene PITG_07312. This 251 amino acid
protein shows 66% amino acid identity (83% similarity) to
TBP of S. cerevisiae, with an E-value in BLASTP of 10-83.
An alignment of the P. infestans protein with orthologs
from S. cerevisiae, A. thaliana, human, and five oomycetes
is shown in Additional file 2. The N-terminal domain of
TBPs are known to be conserved poorly between
eukaryotes [34], and this trend is also seen with the
oomycete proteins. The remainder of the oomycete
proteins are very similar to plant, fungal and human
orthologs, with the exception of a novel 26 residue acidic
C-terminal tail found only in the oomycete proteins.
Within domains of the protein that are well-conserved,
the oomycete proteins display several notable differences
at sites known to interact with DNA [34]. Of 15 such
residues that are totally conserved between S. cerevisiae,
A. thaliana, and human, nine are different in all five
oomycetes. For example, an alanine conserved in the
three non-oomycetes (position 191 in S. cerevisiae) is changed
to threonine in the oomycetes P. infestans, Phytophthora
sojae, Pythium ultimum, and Hyaloperonospora arabidopsidis.
Such changes may alter the DNA-binding specificity of
the oomycete protein, and may help explain the apparent
absence of a TATA box. In contrast, only 2 of 22 residues
that contact other components of the preinitiation factor
transcription factor complex (TFIIA, TFIIB, and NC2;
[34]) are different in oomycetes.
Relationship of CCAAT box to core promoter elements
We also developed a genome-wide PSPM for the
CCAAT box and identified matches in total promoters.
The motif had 1953 total hits based on a p-value cut-off
of 10-5, with equal numbers of forward and reverse
matches (984 and 969, respectively). Most were within
150 nt of the start codon (Figure 2, bottom panel).
When both an INR or INR+FPR and CCAAT element
were present, the latter was upstream of the INR 94% of
the time at a median distance of 83 nt. This spacing
resembles that seen in other eukaryotes [35]. However,
while the CCAAT region of the motif is preceded by aGC-rich region in metazoan promoters (GGCCAATCT),
that region is T-rich in P. infestans. This is consistent
with the lack of CpG islands at the 50 ends of P. infestans
genes, due to an absence of cytosine methylation [36].
Functional testing of DPEP
Due to the large evolutionary distance between oomycetes
and systems in which transcription has been well-studied,
it is not surprising that oomycetes contain a novel element
such as DPEP. In model systems, new core motifs
continued to be identified long after promoters were first
examined in detail [22]. Nevertheless, we considered the
possibility that DPEP was not an authentic core promoter
element but instead a microsatellite since (ACA)3, (AAC)
3, (CAA)3, (AGA)3, (AAG)3, and (GAA)3 would include
the DPEP pattern. However, only 3% of DPEP hits within
promoters fell within such sequences.
We also directly tested DPEP function by measuring
the effect of mutating the element on gene expression.
This involved tests of the promoter from PITG_10185,
which contains a DPEP element 17 nt downstream from
the TSS. As shown in Figure 4, this element is also seen
in orthologous promoters from P. capsici, P. ramorum,
and P. sojae. Stable transformants were obtained using a
plasmid containing a 382 nt promoter fragment from
PITG_10185, or a version in which the DPEP was
mutated, fused to the GUS reporter gene. Quantitative
assays indicated that the mutation reduced expression
by an average of 5-fold (Figure 4). The difference was
significant at p=10-10 using Student’s T-test, even though
expression levels varied within each promoter class due
to position effects which are common in P. infestans
[37]. Mutation of DPEP did not totally eliminate GUS
expression, possibly since the PITG_10185 promoter
also contains an INR.
We attempted to perform a similar experiment using
two promoters that contained DPEP but lacked INR or
FPR. However, the intact promoters were too weak to
allow the reliable quantification of GUS levels.
Evolutionary conservation of core motifs from P. infestans
Searching for the motifs in other species suggested that
the INR+FPR combination was unique to oomycetes
(Figure 5). This involved using the PSPMs developed for
P. infestans to search the first 200 nt of promoters from
the oomycetes P. sojae, H. arabidopsidis, Py. ultimum,
and Saprolegnia parasitica, and several non-oomycetes.
S. parasitica is a member of the Saprolegniales order,
with the rest belonging to the Peronosporales; evolution-
ary relationships based on ribosomal RNA and internal
transcribed spacer sequences are shown in Figure 5.
Each oomycete contained promoters with the INR+FPR
supramotif, as well as the INR alone or FPR alone
motifs. The percentage of promoters with these motifs
Figure 4 Mutating DPEP reduces gene expression. The promoter of PITG_10185 (black bars), or a version with a mutated DPEP (white bars),
were fused to the GUS reporter gene and transformed into P. infestans. Stable transformants were selected using the nptII marker and assayed for
GUS activity using a fluorometric assay. Also shown is an alignment of the region of the PITG_10185 promoter that contains DPEP with
orthologous promoters from P. capsici, P. ramorum, and P. sojae (PCAP, PRAM, and PSOJ, respectively). Numbers to the right of the alignment
represent distances upstream of the start codon.
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varied in the other oomycetes. For example, INR+FPR was
less abundant in H. arabidopsidis (~8% of genes) than the
other Peronosporales (12-14%). This difference was not
due to the use of the P. infestans PSPM, as similar results
were obtained using one based on H. arabidopsidis.
Interestingly, INR+FPR PSPMs from each oomycete
were nearly identical (Additional file 2). This may explainFigure 5 Distribution of motifs in different species. Searches for the ind
H. arabidopsidis, Py. ultimum, S. parasitica) and the diatom T. pseudonana, w
graphs show the percent of promoters within each species that contain th
discovery rates. Values for INR+FPR, INR alone, and FPR alone are corrected
based on ribosomal RNA and internal transcribed spacer (ITS) sequences, w
MUSCLE within the SEAVIEW package [38]. GenBank accession numbers for
JF975614.1, JQ898478.1, JX045933.1, and EF208790.1.why two INR+FPR-containing promoters from the downy
mildew Bremia lactucae have been shown to effectively
drive transgene expression across several genera of
oomycetes [39-44].
Oomycetes belong to the kingdom Stramenopila along
with diatoms, and another stramenopile, the diatom
Thalassiosira pseudonana, appeared to lack both the
INR+FPR and FPR (Figure 5). These motifs also did noticated motifs were performed in five oomycetes (P. infestans, P. sojae,
hich is a more distant member of the Stramenopile kingdom. Bar
e motifs within 200 nt upstream of the start codon, corrected for false
to exclude overlap. The figure on the left is a neighbor-joining tree
hich was developed from alignments using the implementation of
the sequences are (top to bottom) JF834688.1, HQ643349.1,
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and S. cerevisiae (not shown).
DPEP was not present at significant levels in S.
parasitica, and thus appeared specific to Peronosporales.
DPEP was over-represented in promoters of T. pseudonana
compared to randomized sequences, but these were ques-
tionable matches. All hits in the diatom involved A and
C-containing versions of DPEP, compared to oomycetes
where G and C were also common. A large fraction of the
hits resided within microsatellites of ACA, CAA, or
AAC. In addition, while DPEP in oomycetes occurred
mostly in the forward orientation, this was not true in
T. pseudonana after correcting for false discovery.
While some microsatellites are known to concentrate
near TSSs and influence transcription [45], we believe that
the DPEP of oomycetes and its matches in T. pseudonana
lack a common evolutionary history.
Associations of motifs with expression pattern
Some core promoter elements in model systems have
been associated with certain patterns of gene expression.
In vertebrates, most housekeeping genes lack a TATA
box and instead employ INR sequences near the TSS,
while the TATA box is preferentially linked to tissue-
specific expression [46]. Housekeeping functions are also
associated with genes containing the T-block motif in C.
elegans [31].
To assess whether relationships existed between expres-
sion pattern and the P. infestans core motifs, we used data
from a microarray study that measured mRNA at five se-
quential life stages [47]. These were nonsporulating (young)
hyphae, sporangia, sporangia undergoing zoosporogenesis
(each sporangium reorganizes into 6-10 biflagellated
zoospores, triggered by chilling), swimming zoospores,Figure 6 Association of core promoter motifs with tissue-specific exp
down-regulated by 2-fold or more at developmental transitions between h
zoosporogenesis, chilled sporangia and swimming zoospores, and zoospor
labeled “sporangia/hyphae”, for example, are based on the mRNA level in s
promoters the INR+FPR supramotif without DPEP, only INR (i.e. INR with a w
INR, and no DPEP), or only DPEP.and encysted zoospores forming germ tubes and the plant
infection structures called appressoria. Genes were classi-
fied into groups that contained only the INR+FPR, INR,
FPR, or DPEP. To reduce noise due to false positives,
matches were counted only if present in the 125 nt up-
stream of the start codon for the first three motifs, and
100 nt for DPEP. These search spaces were selected based
on studying the data used to generate Figure 2, as motif
hit frequencies at more upstream distances were equal to
the background. Associations between expression pattern
and motif content are shown in Figure 6, which illustrates
the fraction of P. infestans genes that are up- or down-
regulated by 2-fold or more at each developmental
transition.
Genes containing the combined INR+FPR in their
promoters were much more likely to be differentially
expressed. In contrast, genes containing only DPEP or
FPR showed the smallest variation. The average percent
variance in mRNA levels between each of the five life-
stages was 53% higher than average for genes with INR
+FPR, 12% higher for INR only-containing genes, and
8% lower for genes in the FPR and DPEP groups.
The most striking difference was observed during the
transition from hyphae to sporangia (Figure 6). During
this shift, 54% of INR+FPR genes were down-regulated,
compared to only 33% of genes in the INR or FPR classes
and 26% for all genes. Differences between the INR+FPR
group and each of the other classes are statistically signifi-
cant with p<10-4. This supports the premise that there is a
functional distinction between the canonical INR+FPR
supramotif and INR alone, i.e. INR with a weak or absent
downstream FPR. Expression patterns of INR+FPR genes
during the transition from zoospores to germinated cysts
was also distinct from the other classes, as 40% were up-ression. Shown for each class of genes are the percent that are up- or
yphae and sporangia, sporangia and sporangia chilled to induce
es and germinated cysts forming appressoria. The values in the panel
porangia divided by hyphae. The gene classes contained in their
eak or no FPR, and no DPEP), only FPR (i.e. an FPR with a weak or no
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This difference between the INR+FPR class and each of
the others is significant with p<10-3.
It is important to note that each pattern of transcription
can be found for some genes within each core promoter
class. This is because other transcription factor proteins,
not those that bind core elements, likely play the dominant
role in determining developmental regulation. For ex-
ample, of the four genes comprising the CesA family of cel-
lulose synthases, which are induced in the appressorium
stage [48], only one contains a strong match to the INR
+FPR supramotif (CesA3, PITG_17007). Moreover, even
though relatively few INR+FPR promoters tend to be
induced in sporangia, we have shown that inserting bind-
ing sites for sporulation-specific transcription factors
upstream of a INR+FPR minimal promoter confers
sporulation-specific expression [18].
The presence of a CCAAT box decreased the tendency
of genes to vary, regardless of which core element was
present (Figure 7). The presence of CCAAT reduced the
fraction of genes changing by 2-fold or more between
life stages by 62% in the INR+FPR class, 51% in the
INR-alone class, and 77% in the FPR-alone class; all of
these differences are significant at p<10-2. This trend
was even seen within the DPEP class, which overall
showed little variation in mRNA levels during develop-
ment. CCAAT boxes in model systems have historically
also been associated with housekeeping genes, although
tissue-specific promoters containing the motif are also
known [49,50].Figure 7 CCAAT motif reduces tendency towards variable
expression. For each promoter class in Figure 6, genes were
categorized based on the presence or absence of CCAAT within 250
nt of the translation start site. Shown are the percentage of total P.
infestans genes that exhibit >2-fold increases or decreases in mRNA
levels between hyphae and sporangia based on microarray analysis.Association of core promoter motifs with expression level
Correlations between absolute mRNA concentrations and
motifs were also observed. This is shown in Figure 8,
which illustrates the distribution of maximum expression
levels over the five developmental stages. In particular, the
median mRNA level of genes with INR+FPR promotersFigure 8 Association of core promoter motifs with absolute
mRNA levels. Shown for each promoter class are box plots
representing mRNA levels for P. infestans genes, which are based on
the maximum normalized signal observed in microarray analysis of
the five life-stages described in Figure 6. Outer whiskers represent
datapoints within 1.5× interquartile distances of the 25% and 75%
quartiles. The top panel shows all genes, the middle panel shows
genes with high variation over the same five life-stages (variance
>1.75 in per-gene normalized data), and the lower panel shows
genes that vary little between life-stages (variance <0.2).
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The distribution of mRNA levels for the INR+FPR genes
was significantly different from the other genes (p<10-3).
One explanation for this finding is that the INR+FPR
motif strongly enhances the efficiency of transcription
initiation, even more so than INR alone. This is consist-
ent with the observation of Juven-Gershon et al. [51]
that combining core motifs in a metazoan promoter
raised expression levels. Similarly, in C. elegans tran-
scription increased with the number of T-block core
promoter elements [31]. There is not a simple relation-
ship between the presence of a core promoter element
and mRNA level, however: factors binding the proximal
promoter also play a role and the same core element can
bind stimulatory or inhibitory factors [52].
The higher transcript levels of INR+FPR genes are
partly related to the fact that mRNAs of developmentally
regulated genes are more abundant than average. This
was revealed by analyzing genes having high and low
variation. These were identified by scoring the variance
in per-gene normalized data, which discriminated better
than Shannon entropy since data were available for only
five tissue types [53]. In more constitutively expressed
genes, i.e. having low variance with s2<0.2, median
mRNA levels in each motif class were nearly identical
(Figure 8, lower panel). In contrast, the more variable
genes (s2>1.75) showed higher mRNA levels thanTable 1 GO terms over-represented in promoter classes
Biological Process
Class Term Description P
INR+FPR GO:0044403 symbiosis 2e-
GO:0005975 carbohydrate metabolism 3e-
GO:0007047 cell wall organization 8e
GO:0055085 transmembrane transport 1e
GO:0006200 ATP catabolic process 6e
GO:0046034 ATP metabolic process 7e
INR alone none
FPR alone GO:0044237 cellular metabolic process 1e
GO:0050790 regulation of catalytic activity 5e
GO:0044260 macromolecule metabolism 5e
GO:0044267 protein metabolic process 7e
DPEP GO:0044237 cellular metabolic process 1e
GO:0009165 nucleotide biosynthesis 1e
CCAAT GO:0006412 translation 8e-
GO:0044249 cellular biosynthetic process 3e-
GO:0010467 gene expression 2e
GO:0009058 biosynthetic process 6e
GO:0044237 cellular metabolic process 5e
GO:0006729 tetrahydrobiopterin biosynthesis 2e
Genes containing the indicated motifs that are associated with the over-representeaverage. This was especially true for the INR+FPR class;
its mRNA levels were 3.7-fold higher than all promoter
types combined, and were significantly different from
the other classes with p<0.002.
The possibility was considered that the INR+FPR genes
showed higher mRNA levels because more of those genes
were expressed at peak levels in hyphae, where transcripts
might have more time to accumulate. In contrast, most
spore-related stages persist only for a few hours. This did
not appear to be the case, however. Transcripts of INR
+FPR genes were more abundant regardless of whether
they were mostly up-regulated in hyphae (3.4-fold higher
mRNA levels than average), sporangia (2.0-fold higher
than average), chilled sporangia (2.2-fold), zoospores
(2.5-fold), or germinated cysts (2.7-fold). INR+FPR
therefore appears to be a special motif that not only is
more associated with stage-specific expression, but
also with higher absolute levels of transcripts.
Assessment of promoter class functions using gene
ontology terms
All motifs except INR were associated with over-
represented Gene Ontology (GO) terms. As shown in
Table 1 and Additional file 3, genes containing the INR
+FPR supramotif in their promoters were enriched for
several biological function and molecular process terms,
most of which relate to pathogenesis. The most strikingMolecular Function
Term Description P
32 GO:0004553 O-glycosyl hydrolase 8e-10
10 GO:0004650 polygalacturonase 1e-7
-7 GO:0016491 oxidoreductase 5e-6
-5 GO:0048037 cofactor binding 7e-5
-5 GO:0022857 transmembrane transport 7e-5
-4
none




-3 GO:0003735 structural constituent of ribosome 3e-4
-3






d terms are listed in Additional File 3.
Roy et al. BMC Genomics 2013, 14:106 Page 12 of 15
http://www.biomedcentral.com/1471-2164/14/106was GO:0044403, which represents symbiosis. INR+FPR
genes in this class included RXLR proteins, which
oomycetes employ to suppress host plant defenses [54],
elicitins, which trigger necrosis in some plants, and
elicitin-like proteins [55]. Also enriched was GO:0004650
which stands for polygalacturonase, an enzyme that
degrades plant cell walls during infection, as well as
GO:0005975 which includes other cell-wall degrading
enzymes. These results are consistent with the fact that
about half of INR+FPR genes are down-regulated in
spores and up-regulated in germinating cysts with
appressoria, which is the host penetration stage.
In contrast, over-represented terms for DPEP, FPR, and
CCAAT were related to housekeeping functions. Examples in-
clude transcription (GO:0010467), translation (GO:0006412,
GO:003735), and metabolism (GO:0044237, GO:50790, and
others). This is consistent with the more constitutive
patterns of expression displayed by promoters containing
these motifs.
Conclusions
Our results have led us to re-evaluate the prior belief that
most oomycete promoters contain the 16 nt INR+FPR motif.
Based on our genome-wide analyses, only a minority (8-
15%) of genes in Phytophthora, Pythium, Hyaloperonospora,
and Saprolegnia contain the supramotif. It is easy to under-
stand why the earlier workers came to their conclusion
about its prevalence: they had access to only 35 promoters,
from a biased gene set that included multigene families [12].
More than half of their genes were inferred to have roles in
pathogenesis and others were cloned expressly since they
were transcribed at high levels. We have shown that INR
+FPR genes are enriched for both traits. We acknowledge
that if our searches had employed more liberal thresholds
for matches, the number of INR+FPR hits would increase,
but only up to about 30-40% of promoters in the oomycetes
that were examined.
Regardless of the absolute number of genes containing
INR+FPR, the supramotif is interesting since it has a po-
tent effect on transcript levels. Both experimental and
bioinformatic studies in other taxa have also shown that
combining motifs that otherwise function independently
can enhance transcription. For example, in Drosophila
the TATA and MTE elements act synergistically within
INR-containing promoters [27], and the same has been
inferred for motif combinations in humans [56]. Com-
bining motifs provides a simple way for organisms to
tune expression levels.
The prevalence of INR+FPR in regulated genes, espe-
cially those depressed in sporangia relative to hyphae
and related to pathogenesis, implies that the supramotif
has evolved to interact with a specific subgroup of
preinitiation complex-related proteins. In metazoans, the
influence of core promoters on developmental regulationis believed to occur at least in part through their inter-
action with cell-type-specific TBP-associated factors
(TAFs) and TBP-related factors (TRFs) [3]. P. infestans
encodes multiple isoforms of some of these proteins,
such as for INR-binding protein TAF2 (PITG_14044,
PITG_18888), which could have distinct effects through
the life cycle. It is also possible that a P. infestans tran-
scription factor that does not participate in preinitiation
complex formation has evolved to bind the INR+PFR
element. This would resemble the case of transcription
factor YY1 of metazoans, which is able to bind the Initi-
ator element and interacts with various protein partners
to regulate processes such as embryonic development
and cell cycle progression [57].
Even including the new DPEP motif, about half of
P. infestans genes lack a recognized core motif. It is
possible that the pyrimidine-rich stretches common in
many promoters may be sufficient to initiate transcription
by inducing a particular DNA conformation, or favoring
nucleosome eviction [31,32]. P. infestans promoters are
compact with median intergenic regions of 430 nt, and
most known transcription factor binding sites are within
75 to 150 nt of the TSS [58-60]. We hypothesize that in
many promoters lacking obvious core elements, DNA is
accessible to general transcription factors and nearby
regulatory proteins that stimulate initiation. TBP may
participate in this process, but not through binding a
TATA-box which appears to be absent in oomycetes.
TBP may have changed to bind a different sequence in
oomycetes. It seems less likely that TBP solely plays a
structural function in the oomycete TFIID complex
since yeast and human TBP dynamically associate with
TFIID, and TFIID integrity does not seem to rely on
TBP binding [61].Methods
Promoter extraction and TSS mapping
Genome sequences and GFF files were obtained from the
Broad Institute of MIT and Harvard (http://www.
broadinstitute.org) for P. infestans (v. 2) and S. parasitica
(v.1), Joint Genome Institute of the United States
Department of Energy for P. sojae and T. pseudonana
(each v.3, http://genome.jgi-psf.org), Michigan State
University (http://pythium.plantbiology.msu.edu) for Py.
ultimum, and the Virginia Bioinformatics Institute for
H. arabidopsidis (v.8.3). These were used to obtain promoter
sequences and start codons for each species. To predict
TSSs, ESTs from P. infestans [19] were aligned to the gen-
ome and mapped relative to start codons. A High Confi-
dence set was assembled from 121 promoters where at least
two ESTs terminated within 2 nt of each other, and an
Expanded set from 573 promoters where a single EST
suggested the TSS.
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MEME (v. 4.3 and v. 4.8 [20]) was used to detect over-
represented motifs in iterative rounds of searches
performed using a range of motif sizes as noted in
Results. Other parameters were 11 and 1 for default gap
opening (wg) and extension costs (ws), respectively,
“anr” for distribution of motifs model (mod), and five
iterations. Minimum site values (minsites) of 5 to 10
were used for searches involving the High Confidence
and Expanded sets, and 15 to 150 for total promoters
which were searched in batches of 2000. In some
searches discriminative or negative datasets were used to
help find additional motifs, as described in Results.
Motifs from MEME or other sources were identified
within promoter sets using PERL scripts developed in-house
or FIMO using PSPMs for each motif [20]. P-values
associated with the strength of motif matches were taken
directly from FIMO. For estimating motif frequencies, we
searched upstream from start codons, and estimated false
discovery rates using same datasets randomized by three
rounds of DNA shuffling using shuffleseq in EMBOSS or
Shuffle DNA (http://www.bioinformatics.org). Fisher’s Exact
Test was used to calculate p-values for over-representation
of a motif within the searched space. For initial ana-
lyses of P. infestans, INR+FPR motifs (selected using a
p<10-4 cut-off ) were distinguished from INR and FPR-
alone motifs by splitting the putative INR+FPR in half
and searching each against INR and FPR PSPMs, re-
spectively, using FIMO; matches of the INR or FPR
components with p>0.05 were assumed to be weak or
insignificant.
Searches for motifs across oomycete species (for
Figure 5) were performed using FIMO with the PSPMs
developed for P. infestans. After correcting for false dis-
covery based on searches of shuffled datasets, similar
results were obtained whether 200, 300, or 400 nt search
windows had been used; the data in Results are based on
using a 200 nt window. For determining whether a hit
against the INR+FPR PSPM contained significant matches
to both the INR and FPR components, it was found that
results similar to the method described in the preceding
paragraph (94% concordance) could be obtained by raising
the p-value cut-off for the FIMO search to 5 x 10-5;
matches with lower p-values were then analyzed separ-
ately for INR and FPR. Since the same location might
match the INR and FPR definitions, addresses that
recorded hits against both were reanalyzed to identify
which motif was the closest match, and estimates of INR
and FPR frequency were adjusted accordingly. On average,
23% of INR and FPR hits overlapped and required this
correction. The observed DPEP frequencies were also
adjusted by discarding potential microsatellite hits that
were identified using the Microsatellite Repeats Finder
program (http://insilico.ehu.es).Analysis of microarray data
Expression data were from a prior study that used
Affymetrix microarrays to measure transcript levels dur-
ing growth and development [47]. Robust expression
calls were detected for 12,463 of the 15,650 sequences
targeted by the arrays, which were designed based on
data from partial genome sequencing and expressed se-
quence tags from isolate 88069. Since the microarrays
predated the current draft genome which is based on
strain T30-4, we used BLASTN to link the microarray
sequences to the predicted T30-4 genes. By selecting the
best hit with >97% identity, 7,862 T30-4 genes were
matched to the array data. Expression calls from
Affymetrix MAS 5.0 software were normalized before
analysis, resulting in values that showed good concord-
ance with data from SybrGreen reverse transcription-
qPCR studies ([62]; Additional file 2). Analyses of
changes during development and variance calculations
used per-gene normalized data, set to a mean of 1.0. The
significance of the association of a motif with a particu-
lar expression pattern was calculated using Fisher’s Exact
Test.
Gene ontology analysis
Annotations were obtained from the Broad Institute and
supplemented with published data on effectors [63]. Genes
in the INR+FPR, INR alone, FPR alone, and DPEP alone
classes were identified as described in Results (i.e. based on
hits in the 125 nt upstream of the start codon for the first
three motifs, and 100 nt for DPEP) and then checked for
over-represented GO terms using GOSTAT [64].
Plasmid construction and analysis of P. infestans
transformants
A 398 nt portion of DNA upstream of the PITG_10185
open reading frame was amplified by polymerase chain
reaction using primers 10185F (50-ATGGATCCGCGT
CATGCTTGATCTG) and 10185R (50-ATGAATTCGG
TTGAAATTAGAAAAGG), which contain BamHI and
EcoRI sites at their 50 end, respectively. The amplicon
was digested with those enzymes and inserted upstream
of the GUS gene in similarly-digested pNPGUS, which is
a derivative of pOGUS [65]. A promoter mutated for
DPEP was generated using the 10185F with primer
10185PRE (50-TAGAATTCGGTTGAAATTA GAAAAG
GAAGG AAGAGATTCTTGCTGATTAGGT).
Transformation of the resulting plasmids was achieved
by electroporating zoospores with 30 μg of DNA in a
4-mm cuvette at 550 V, followed by selection on 7 μg/
ml G418 [66]. Preliminary assays for GUS were
performed by placing a tuft of mycelia at 37°C in 50 μl
of 0.1% bromochloroindoyl-β-glucuronide, 50 mM
NaPO4 pH 7.0, 5 mM K4Fe(CN)6, 5 mM K3Fe(CN)6,
0.1% Triton X-100. For quantitative assays, mycelia
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after 5 days, dried on absorbent paper, and placed in a
2-ml tube with two 3.2-mm chrome steel beads and
one 6.35-mm bead (Biospec Products, Bartlesville, OK,
USA). Samples were frozen in liquid nitrogen, vortexed
twice for 30-sec, mixed with 300 μl of extraction buffer
(50 mM sodium phosphate pH 7.0, 10 mM EDTA, 10
mM β-mercaptoethanol, 0.1% sodium n-lauroylsarcosine,
0.1% Triton X-100), and clarified by centrifugation for 10
min. Supernatants were assayed for protein using the
Bradford assay, and then 20 μg of protein were mixed with
100 μl of 2 mM 4-methylumbelliferyl glucuronide in ex-
traction buffer. After 1 hour at 37°C, 25 μl was mixed with
250 μl of 200 mM sodium carbonate in a black 96-well
plate, and fluorescence was measured in a Wallac Victor
II plate reader (PerkinElmer Life Sciences, Boston, MA)
set to 365 nm excitation and 455 nm emission.
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